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The electrical properties of amorphous carbon are governed by the high localization of the sp2 p states, and
conventional methods of altering the sp2 content result in macroscopic graphitization. By using ion beams we
have achieved a delocalization of the p states by introducing nanoclustering and hence improving the connec-
tivity between existing clusters, as demonstrated by the increase in the conductivity by two orders of magnitude
without modification of the band gap. At higher doses, paramagnetic relaxation-time measurements indicate
that exchange effects are present. This unveils the possibility of amorphous carbon-based electronics by
tailoring the ion-beam conditions, which we demonstrate in the form of a rectifying device.
DOI: 10.1103/PhysRevB.63.121201 PACS number~s!: 72.15.2vAmorphous carbon (a-C) and hydrogenated amorphous
carbon (a-C:H) consist of a mix of sp2 and sp3 hybridized
phases. By adjusting their ratios a wide range of optical,
tribological, and electronic properties are possible.1–3 Early
calculations by Robertson and O’Reilly4 showed that the op-
tical properties of a-C and a-C:H are ruled by the size of the
sp2 clusters, which can either be in the form of aromatic
rings or olefinic chains. These clusters may introduce states
at or near the Fermi level, depending on their size and on
whether they are odd or even numbered.5 Hopping between
clusters has been proposed6 as a possible mechanism for
room-temperature conduction. Recent calculations7 showed
that the sp2 states remain localized even up to 80% sp2
bonding, well above the percolation threshold. This localiza-
tion of states has been attributed to dihedral bond angle dis-
order, and such localized states result in hopping with a low
activation energy at room and low temperatures, and band-
tail conduction at higher temperatures.8,9
Conventional techniques to alter the sp2 content for
a-C:H films are by varying the deposition parameters such
as dc self-bias,10 through the addition of N11 or through ther-
mal annealing.12 Conventional annealing results in a macro-
scopic sp2 restructuring of the film, and the formation of
larger and larger sp2 clusters. An alternative approach is to
perform localized heating by means of ion implantation,
whereby it is possible to deposit highly localized energy in a
controlled manner. Previous studies of damage as a result of
ion implantation found extensive sp2 restructuring ~graphiti-
zation! at very high doses,13,14 and a consequent increase in
film conductivity. However, by controlling the ion dose we
show that it is possible to enhance the conductivity through
the film, but prevent macroscopic graphitization. This results
in an effective delocalization of electrons within the film.
Films were grown on Si and Corning 7059 substrates on
the water-cooled earthed electrode of a rf plasma-enhanced
chemical-vapor deposition system described elsewhere.15
Films were implanted with B ions at energies of 20 and 26
keV in the dose range of 231012– 231016 cm22, and were
simulated using SUSPRE v1.4 assuming a H:C ratio of 1:1 and
a film density of 1.72 g cm23. The projected ranges were0163-1829/2001/63~12!/121201~4!/$15.00 63 1212found to be 60 and 76 nm for the two implant energies, with
a straggle of 13 nm in each case. Electrical measurements
were made on Au/a-C:H/Cr device structures. Room-
temperature electron paramagnetic resonance measurements
were made using a TM011 mode cavity at about 9.9 GHz, and
a field modulation of 100 kHz. Spin concentrations were
determined by comparison with a Varian standard sample of
pitch in KCl; g values were determined by comparing the
line position to that of the resonance from the F1 center in
MgO. Relaxation times were measured using the power satu-
ration method discussed elsewhere.16
The variation in optical band gap and resistivity of the
a-C:H films is shown in Fig. 1. On increasing the dose to
231014 cm22, the Tauc gap remains approximately constant
FIG. 1. Variation in the ~a! Tauc optical band gap and ~b! resis-
tivity as a function of boron ion dose.©2001 The American Physical Society01-1
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orders of magnitude. By contrast, for doses greater than 2
31014 cm22, the optical gap falls and eventually reaches 0.2
eV at the highest ion dose, with the film resistivity decreas-
ing from 631012 to 53106 V cm—a decrease by nearly six
orders of magnitude. The H content falls from 55 to 25 at. %
over the dose range, as measured using elastic recoil detec-
tion analysis.
Electron paramagnetic resonance ~EPR! measurements
were made on all implanted films; however, signals from
C-related centers with g;2.0028 are only observed for films
implanted with doses higher than 231015 cm22. At lower
doses the EPR signal is dominated by signals with g
;2.0055– 2.0061, associated with Si-related defects Figure
2~a! shows that the spin concentration increases with dose
from 331017 cm23 in the unimplanted sample, up to 2.7
31020 cm23 at the highest dose of 231016 cm22. In this
dose range the EPR signal has a Lorentzian line shape, and
the peak-to-peak linewidth DBpp reduces from 0.83 to 0.13
mT, as shown in Fig. 2~b!. The variation in the spin lattice,
T1 , and the spin-spin, T2 , relaxation time with dose are
shown in Fig. 2~c!. As the implantation dose is increased, T1
shortens from 1.131025 to 631028 s, while T2 is observe
to lengthen from 1.431028 to 5.131028 s. Using the
method employed in Ref. 17, we have calculated the dipolar
(vp) and exchange (vc) frequencies from the available val-
ues of T1 and T2 . The ratio of vc /vp is found to be 1.9 for
the unimplanted sample, which increases to 4.8 for the film
implanted to 231015 cm22, and then rises to 16.7 and 50 for
the two highest doses. The ratio of vc /vp indicates the ef-
ficiency in which the rapidly fluctuating magnetic field is
able to average out the static dipolar broadening. Values over
10 indicate an efficient motional narrowing, in this case as a
result of extensive sp2 reordering. This occurs only in the
two highest doses. In the case of the 231015 cm22 sample,
extensive sp2 reordering has not occurred at this dose, but
motional narrowing has increased the ratio as compared to its
unimplanted value.
These results indicate that there exist two regimes; one for
doses up to and including 231014 cm22, where the Tauc gap
remains constant and the film resistivity falls by about two
orders of magnitude; and another regime above this dose
where, by the highest dose of 231016 cm22, there is a near
closure of the optical gap, a further reduction of the film
resistivity by six orders of magnitude, and where exchange
effects dominate the EPR linewidth and relaxation times. In
order to analyze the resistivity variation, the equations for
variable-range hopping ~VRH! for electrons at the Fermi
level, originally derived by Mott and Davis,18 have been ap-
plied to these films.14 Using a localization factor a, of 7.5
3106 cm21,19 the required density of states at the Fermi
level, N(EF), would have to exceed 1029 cm23 eV21. From
the measured spin density of 331020 cm23 at the highest
dose, an estimate of N(EF) can be obtained by assuming a
maximum correlation energy of 2 eV.20 This gives N(EF)
;1020 cm23 eV21, considerably less than that required for
VRH. In the model of Ref. 6, conduction at room tempera-
ture occurs via hopping between neighboring sp2 islands,12120and so is determined by the concentration of gap states and
the separation between the sp2 islands, as shown schemati-
cally in Fig. 3. As the sp2 content of the as-deposited films is
likely to be low ~30%!, the hopping distance is likely to be
large, resulting in low conductivity. During ion implantation,
localized heating would result in the formation of highly
localized sp2 sites, which are small if the ion dose is below
the graphitization threshold, at which the ion tracks start to
coincide as in the case of diamond.21 It is likely that the
concentration of these introduced sites is proportional to the
ion dose. Implantation at low doses introduces nanocluster-
ing below the average cluster size, which maintains the wide
FIG. 2. Variation of ~a! the C-related spin density, ~b! peak-to-
peak linewidth, and ~c! relaxation times as a function of boron ion
dose.
FIG. 3. Proposed effect of ion implantation on hopping conduc-
tivity between adjacent clusters, below and above the dose of 6
31014 cm22.1-2
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hopping distance. At higher doses, the film restructures over
the bulk of the film, the band gap collapses accordingly, and
the effects of exchange become prevalent.
Reductions in film resistivity with concomitant falls in the
optical band gap as a function of ion dose were reported in
ta-C by McCulloch et al.,13 and in diamondlike a-C:H by
Prawer et al.14 In the former, the reduction of the optical gap
and the decrease in film resistivity occurred even at the low-
est doses investigated (1013 cm22), and appeared to be con-
comitant. In the latter study, the resistivity remained constant
up to a dose of 1015 cm22 and then decreased, and the optical
gap decreased from about 1.5 eV in the as-grown film to less
than 1 eV (231017 cm22), following the variation in the
resistivity. It is interesting to note that the H concentration in
the a-C:H films decreased from 35 at. % ~as grown! to less
than 3 at. % at the highest dose. So, in both cases, as the
optical band gap falls there is a concomitant fall in resistiv-
ity.
Since the film implanted at 231015 cm22 may exhibit evi-
dence of exchange but still possesses a band gap of 1.3 eV,
this film has favorable properties which may be applicable
for device applications. Below a dose of 231014 cm22, the
conduction mechanism is space charge limited,22 as inferred
from the thickness scaling law (J}V2/d3). Above a dose of
631015 cm22, a linear ln J/E versus E1/2 relationship is ob-
tained, consistent with Poole-Frenkel conduction. The film
implanted at a dose of 231015 cm22 shows a voltage-
dependent current enhancement, as shown in Fig. 4, which
does not follow either of the above mechanisms. We inves-
tigated the J versus E characteristics of two films implanted
at the same dose with film thicknesses of 80 and 104 nm. In
the case of the 80 nm thick film, the projected ranges derived
from SUSPRE indicate that the film would be implanted
throughout the whole of its thickness, while the 104-nm-
thick film is likely to have an unimplanted region close to the
substrate. The former sample shows switching behavior in
FIG. 4. Current density vs applied electric field characteristics
for two a-C:H films implanted to a dose of 231015ions cm22 of 80-
and 104-nm thickness. Simulations predict that the B ions have
penetrated all the way through the thinner film but only partially
through the thicker film.12120both forward and reverse voltage directions, while the latter
shows switching in the forward direction only, i.e., rectifica-
tion of over one order of magnitude. We have applied a
Schottky barrier-lowering mechanism for this film using the
equation23
J5A**T2 expFqFkT 1 b2 AE G , ~1!
where
b5
1
kT AS e
3
pere0
D 1/2, ~2!
where A** is Richardson’s constant, k is Boltzmann’s con-
stant, T is the absolute temperature, e is 1.6310219 C, e0 is
the permittivity of free space, and er is the relative permit-
tivity. From the slope of the ln J versus E1/2 characteristic, a
value of 2.4 is obtained for er , and an approximate barrier
height of 0.8 eV is calculated. Since the 104-nm-thick film is
likely to be partially implanted and the 80-nm-thick film is
likely to be completely implanted, there must be a depen-
dence on the back contact which determines whether the cur-
rent enhancement occurs in the negative voltage region or
not. This can be explained if a contact which has received a
suitable dose of ions is able to trap charge. This trapping
process, as a result of the applied voltage, would then result
in a space-charge region close to the contact, resulting in a
narrowing of the electrical thickness of the film and hence a
modification of the barrier height at the contact on the other
side of the film. If a film is only partially implanted, then this
trapping process can only occur at the surface contact. This
would mean that current enhancement would only occur in
the positive voltage segment and not the negative voltage
segment. In this way, a barrier-limiting process can account
for the conduction properties of these films. This ion-beam-
induced barrier is as a consequence of the controlled increase
in the bulk conductivity or delocalization of bulk states, pre-
viously not possible in our films.
The characteristics of the rectifying diode demonstrated
here may be compared to the Schottky diodes reported in
Ref. 24, the p-n junction diode reported in Ref. 25, and the
a-C:H and ta-C heterojunction diodes reported in Refs. 26
and 27. In the case of the Schottky diode, point contacts were
required which may have reduced the efficiency of carrier
injection from the top contact, and for p-n junction diode,
the forward to reverse rectification ratio was only about six.
For the a-C:H-based heterojunction diode26 the rectification
ratio was two orders of magnitude. However, before electri-
cal measurements were performed a potential of 200 V was
applied to the device in order to measure any current gain
with applied voltage, and its effects on both the film micro-
structure and the contacts are not known at present. No such
voltage was applied in the case of the ion-implanted diodes
which were fabricated in this study.
To conclude, we have implanted hydrogenated amor-
phous carbon films, and observed evidence of a controllable
increase in conductivity, as a function of ion dose. This is
only possible using ion implantation, as by using this method1-3
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nanoclustering. The high-field conduction properties of the
material appear to show a contact-limited current at interme-
diate ion doses, which allows us to suggest that devices using12120the enhanced conduction properties of the material are pos-
sible. We have demonstrated that it is possible to create
barrier-controlled devices in films with partially delocalized
electrons which still possess an appreciable band gap.*Electronic address: r.khan@eim.surrey.ac.uk
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